Context: Luteinizing hormone-releasing hormone (LHRH) agonists have replaced estrogens for endocrine treatment of advanced prostate cancer (PC) because of cardiovascular side effects. The fetal estrogen estetrol (E4) may be safer for PC treatment and is expected to decrease testosterone (T) and prevent estrogen deficiency.
T he aim of the current study was to investigate the subjective and objective effects of the human fetal estrogen estetrol (E4) in healthy men to estimate its potential for the treatment of advanced prostate cancer (PC), defined as metastatic and/or locally infiltrating PC, when surgical orchiectomy is insufficient or not the patient's choice.
In the past, estrogens, especially the synthetic estrogen diethylstilbestrol (DES), have been used effectively for the endocrine treatment of advanced PC (1) . The objective of this therapy was to eliminate androgens, especially testosterone (T), because T, through its metabolite dihydrotestosterone, stimulates the growth of androgensensitive adenocarcinoma of the prostate, which comprise 90% of all PCs (2) . This endocrine approach to PC treatment is known as androgen deprivation therapy (ADT), and estrogens were the first compounds used for this purpose (3) . Estrogens suppress T synthesis through inhibition of luteinizing hormone (LH) by a negative feedback effect on the hypothalamic-pituitary axis (3) (4) (5) . In addition, estrogens have a separate suppressive effect on free T levels by increasing the levels of the hepatic carrier protein sex hormone-binding globulin (SHBG) (4) .
Although estrogens have been implicated as causal factor for PC (6, 7) , they were efficacious for ADT of PC (3) . However, the compounds used in the past, especially DES, had serious cardiovascular side effects, and estrogens were abandoned when the LH-releasing hormone (LHRH) agonists became available for ADT in the 1980s as a method for achieving medical orchiectomy (8) .
Several papers suggest that the cardiovascular side effects of estrogen treatment are related to the route of administration and the type and dose of the estrogen (9) (10) (11) . For example, parenteral estrogens, including transdermal application, prevent first-pass exposure of the liver and appear to reduce the risk of cardiovascular toxicity. Studies with the transdermal estradiol patch have demonstrated acceptable risk for cardiovascular events and less interference with hemostasis in patients with PC (10, 12) .
With respect to the type of estrogen, estrogens that have been investigated for the treatment of PC are DES, ethinyl estradiol (EE), and estradiol (E2). Recently, the fetal estrogen E4 combined with drospirenone has shown reduced hemostatic effects as compared with EE/ drospirenone combinations in women (13) . These results suggest a lower cardiovascular risk for women taking E4 containing combined oral contraceptives (COCs) compared with women taking EE-containing COCs. This estrogen might be useful for ADT of advanced PC if E4 is also less harmful for the cardiovascular system in men. In addition to suppressing T, the use of a fetal estrogen for ADT prevents T and estrogen deficiency symptoms, such as hot flushes and sweating (14) (15) (16) , fatigue (14, 17) , and bone loss with an increased risk of fractures (18) (19) (20) as well as other symptoms that can occur such as arthralgia (14, 16, 21) , mood changes (22) , sleep disturbance (23) , and cognition problems (22, 24, 25) .
The objectives of the present dose-escalation study with E4 in healthy men 40 to 70 years old were to investigate the subjective effects of E4, its safety, and its effect on endocrine parameters, hemostasis, lipids, and bone biochemistry. In addition, the pharmacokinetic (PK) characteristics of E4 were assessed.
Subjects and Methods

Study design
This study was a phase Ib, double-blind, randomized, placebo-controlled, dose-escalation study in healthy male subjects conducted by QPS (Groningen, Netherlands). The study protocol was approved by the independent ethics committee Evaluation and Ethics in Biomedical Research (in Dutch: Stichting BEBO) and was performed in accordance with the Declaration of Helsinki and the International Conference on Harmonization Guidelines for Good Clinical Practice. All participants provided written informed consent prior to screening.
Treatments
There were three consecutive 28-day treatment cohorts. In each cohort, 15 men participated; 10 received E4, and 5 received placebo (allocation ratio, 2:1). The E4 doses were 20, 40, and 60 mg in the first, second, and third cohort, respectively. After completion of the 20-mg and the 40-mg E4 dose cohort, safety and tolerance data were evaluated by the investigator and the sponsor and submitted to the independent ethics committee for approval to proceed to the next E4 dose cohort.
The study medication was supplied in tablets for oral administration and packed in blisters by Haupt Pharma (Münster, Germany). Tablets were taken once daily for 28 days between 8:00 and 10:00 AM. The pharmacist of QPS was responsible for the labeling of the study medication, which was done according to a randomization scheme. Personnel of the QPS pharmacy department were the only persons unblinded to the treatment assignment until database lock.
Subjects
Subjects were nonsmoking, healthy men, 40 to 70 years old, with a body mass index between 18.5 and 30.0 kg/m 2 and a prostate-specific antigen value ,3.0 ng/mL. Subjects were recruited by QPS. The main exclusion criteria were (1) a history or the presence of contraindications for the use of steroids, (2) prostate hyperplasia or micturition problems that suggested the presence of prostate hyperplasia (International Prostate Symptom Score .7), and (3) the presence of active acute or chronic infection. Subjects in cohort 3 were not included if they had a prothrombin and/or Factor V Leiden mutation at screening.
Assessments
After screening, study visits were scheduled on days 1 (baseline), 2, 7, 14, and 28 (last day of study medication). Subjects in cohort 3 were contacted by telephone on day 21 for an additional check on well-being. After the treatment period, study visits were scheduled on days 29, 30, and 31. Subjects stayed overnight from days 27 to 29 for frequent blood sampling to assess PK variables of E4. A follow-up visit was scheduled for day 56. Blood samples were collected on days 1, 2, 7, 14, 28, and 56 to measure endocrine and hemostatic variables, lipids, fasting glucose, and bone turnover markers.
Safety and tolerance
Safety and tolerance assessments included the recording of adverse events and physical examinations including palpation of the prostate, vital signs (blood pressure and heart rate), body weight, ECGs, and safety laboratory parameters (hematology and biochemistry).
Laboratory measurements
Hemostatic variables and angiotensinogen were analyzed at Good Biomarker Science (Leiden, Netherlands). Measurements of total T, free T, and E2 were performed by ABL (Assen, Netherlands). The E4 plasma levels were measured by QPS. All other laboratory measurements were performed under the responsibility of Stichting Certe KCL (Leeuwarden, Netherlands).
Hemostasis variables
Hemostasis variables, measured at baseline and after 28 days, included endogenous thrombin potential-based activated protein C resistance (APCr), antithrombin, protein S activity, free tissue factor pathway inhibitor (TFPI), prothrombin fragment 1+2 (F1+2), and D-dimer.
Endogenous thrombin potential-based APCr was assessed as the ratio of thrombin generation with and without activated protein C (APC) using an end-point method with 30- 
Lipids and fasting glucose
Total cholesterol, high-density lipoprotein cholesterol (HDL-C), and triglycerides (TGs) were measured by enzymatic (colorimetric) methods (Roche Diagnostics, Almere, Netherlands). Total cholesterol (CV, ,3%; assay range, 0.08 to 20.7 mmol/L); HDL-C (CV, ,3.7%; assay range, 0.8 to 3.1 mmol/L); TG (CV, ,4%; assay range, 0.05 to 11.3 mmol/L). Low-density lipoprotein cholesterol (LDL-C) was calculated as follows: total cholesterol -HDL-C -0.45*TG (CV, ,2.7%; range, 0.1 to 25 mmol/L). Lipoprotein(a) was measured using nephelometry (Beckman Coulter, Woerden, Netherlands) (CV, ,6%; assay range, 0.02 to 6.4 g/L). Fasting glucose was measured by enzymatic (colorimetric) methods (Roche Diagnostics) (CV, ,3.9%; assay range, 0.11 to 41.6 mmol/L).
Bone turnover markers
The biomarker for bone resorption C-telopeptide (CTX-1) was measured by electrochemiluminescence immunoassay (Roche Diagnostics) (CV%, ,6%; assay range, 10 to 6000 pg/mL). The biomarker for bone formation osteocalcin was measured by immunoradiometric assay (MT-diagnostics, Etten-Leur, Netherlands) (CV%, ,9%; assay range, 2.1 to 49 mg/L).
Endocrine parameters
Total T, free T, E2, LH, FSH, and SHBG were measured at baseline and after 7, 14, and 28 days of treatment. SHBG was measured on days 2 and 56. Total T, free T, and E2 were also measured on days 31 and 56. Angiotensinogen was measured at baseline and after 28 days of treatment.
Total T, free T, and E2 levels were measured using validated liquid chromatography tandem-mass spectrometry (LC-MS/ MS) methods. To determine serum total T levels, samples were extracted using liquid-liquid extraction and subsequent derivatization prior to analysis with LC-MS/MS (CV, #15%; assay range, 0.0500 to 20.0 ng/mL). Free T levels were measured by rapid equilibrium dialysis followed by LC-MS/MS (CV, #15%; assay range, 1.00 to 100 pg/mL). E2 samples were extracted using solid phase extraction followed by derivatization. Derivatized products were extracted by liquid-liquid extraction and analyzed using LC-MS/MS (CV, #15%; assay range, 5.00 to 100 pg/mL).
LH, FSH, and SHBG were measured by electrochemiluminescence immunoassay (Roche Diagnostics) (LH CV%, ,11.5%; assay range, 0.1 to 200 IU/L; FSH CV%, ,5.5%; assay range, 0.1 to 200 IU/L; SHBG CV%, ,6.5%; assay range, 0.35 to 200 nM). Angiotensinogen was measured by ELISA (Human Total Angiotensinogen assay kit; IBL, Gunma, Japan) (CV, ,15%; reference range, 0.31 to 20 ng/mL). The calibrator was replaced by purified plasma angiotensinogen obtained from Athens Research and Technology (Athens, GA).
Pharmacokinetics
Blood samples for evaluating E4 PK parameters were collected on days 2, 7, 14, and 28 just prior to dosing with E4. On day 28, PK samples were collected at 230, 10, 20, 30, 45, 60, and 90 minutes and at 2, 4, 6, 8, 12, 16, 24, 36, 48 , and 72 hours after the intake of E4. To measure E4, the plasma assay comprised sample preparation by liquid-liquid extraction and subsequent derivatization and analysis of the extract by LC-MS/MS (CV, #15%; assay range for cohort 1 and cohort 2, 25 to 10,000 pg/mL; assay range for cohort 3, 2500 to 1,000,000 pg/mL). Samples were stored at 220°C until analysis.
Statistical analysis
This was an exploratory study, and no formal hypothesis testing was performed. The total sample size of the study was 45 subjects, with 30 subjects using three different doses of E4 and 15 subjects randomized to placebo. The number of participants in this study was considered to be sufficient for a first impression of the safety and the pharmacodynamic effects of E4.
Observed values and changes from baseline were summarized using descriptive statistics (n, mean, median, SD, minimum, maximum) for each treatment. An analysis of covariance, including the baseline measurement as covariate, was performed to test the difference between the mean of the active treatment and the mean of the placebo treatment after the 28-day treatment period. Relevant covariates that may be potential confounding factors for hormonal endpoints, like age and obesity, have not been tested because the number of subjects in this phase I study was considered to be too small. All subjects who received treatment were included in the evaluation of the safety data. The per protocol population, defined as the group of subjects who completed the study without major protocol deviations, was used for the evaluation of efficacy and pharmacodynamic parameters.
The PK analysis set, which consisted of the All-SubjectsTreated population, was used for calculation of E4 plasma PK parameters. The E4 plasma PK parameters were calculated as appropriate using noncompartmental approaches. PK variables were computed using Phoenix WinNonlin, version 6.3 or higher (Pharsight Corporation, St. Louis, MO). Actual elapsed sampling times relative to E4 oral administration were used for the estimation of PK parameters. The 24-hour area under the curve was calculated using the linear trapezoidal method.
Results
Baseline characteristics and study completion
Of the 96 subjects screened, 51 were not invited for randomization. The most common reasons for screening failure were abnormal laboratory values, high blood pressure, and abnormal ECG values (Fig. 1) . A total of 45 subjects were randomized, and 43 subjects completed all study-related visits and procedures. Two subjects in cohort 3 discontinued the study prematurely for reasons not related to the study medication. Baseline characteristics were similar among the groups (Table 1) . At baseline, mean age ranged between 55 and 59 years, and mean body mass index was 25.8 kg/m 2 . Compliance toward study medication was high (100% for 43 out the 45 treated subjects).
Safety and tolerance E4 was well tolerated in all treatment groups. No clinically relevant changes in body weight, vital signs, ECG results, physical examinations, and safety laboratory parameters were recorded. No subject discontinued the study due to an adverse event during the intake of study medication. Side effects considered related to E4 were a decrease of libido in 30% (9 of 30) of subjects treated with E4 and nipple tenderness in 40% (12 of 30) of E4-treated subjects. Headache occurred equally in all groups. More than 90% of the side effects were classified as mild, and no serious side effects occurred.
Pharmacodynamic parameters
Results of E4 treatment compared with placebo on the pharmacodynamic parameters are shown in Table 2 .
Hemostasis variables
The plasma levels of the two coagulation inhibitors (antithrombin and protein S activity) decreased over time in all three E4 dosing groups. Decreases in antithrombin activity up to 23% (all E4 groups vs placebo, P , 0.05) and decreases in protein S activity up to 19% (40 mg E4 vs placebo, P , 0.01; 60 mg E4 vs placebo, P , 0.05) were observed. For antithrombin activity, the decreases showed a significant dose-response relationship (20 mg E4, P , 0.05; 40 mg E4, P , 0.001; 60 mg E4, P , 0.0001). No changes were observed in the placebo group for these two parameters. For the 20-mg and 60-mg E4 groups, no changes were seen in the global coagulation inhibition test, which quantifies the ability of the anticoagulant protein APC to downregulate clotting (APCr). For APCr, the 40-mg and the placebo groups showed an increase in absolute change from baseline of 0.37 (40 mg E4 vs placebo, P , 0.05) and 0.18, respectively. Free TFPI levels showed a decrease in all groups, including placebo. The placebo groups showed a decrease in free TFPI levels of 7%. For the 20-mg, 40-mg, and 60-mg E4 groups, the decrease was 17%, 24%, and 21%, respectively.
The coagulation activation markers D-dimer and prothrombin F1+2 showed different effects. D-dimer levels increased dose-dependently after E4 intake with 16%, 48%, and 99% for the 20, 40, and 60 mg E4 groups, respectively, whereas no relevant changes were observed in the placebo group. The prothrombin F1+2 levels showed a decrease in the placebo group and in the 20-mg and 40-mg E4 groups, whereas in the 60-mg E4 group the levels increased by 30% (60 mg E4 vs placebo, P , 0.05).
Lipids and fasting glucose
A decrease in total cholesterol and LDL-C levels was observed for all E4 groups (the decrease in total cholesterol ranged between 5% and 11%; the decrease in LDL-C ranged between 11% and 18%) and in the placebo group (7% and 8%, respectively). For all three E4 groups, small increases were seen for HDL-C (20 mg E4 vs placebo, P , 0.05), whereas TG levels remained unchanged and did not differ from placebo. In the placebo group, a small decrease in HDL-C levels (5%) was observed. The lipoprotein(a) levels fluctuated between the E4 treatment groups. No significant changes were found compared with placebo for lipids, lipoproteins, and fasting glucose.
Bone turnover markers
CTX-1 levels decreased in the 20-mg and 40-mg E4 groups by ;20% (20 mg vs placebo, P , 0.01) and 27% (40 mg E4 vs placebo, P , 0.0001). In the 60-mg E4 group, no decrease was observed. In the placebo group, the levels of CTX-1 increased by 16%. Osteocalcin levels did not change during the treatment period in any of the treatment groups.
Efficacy parameters
The effects of E4 compared with placebo on the endocrine parameters are shown in Table 3 . Figure 2 shows the results of total T, free T, SHBG, and angiotensinogen in whisker plots. A dose-dependent decrease was seen in total T levels, ranging from 28% in the 20-mg E4 group (vs. placebo, P , 0.05) to 60% in the 40-mg E4 group (vs. placebo, P , 0.0001) and 76% in the 60-mg E4 group (vs. placebo, P , 0.0001), whereas no changes were observed for placebo. For free T levels, an even stronger dose-dependent decrease was observed, ranging from 43% in the 20-mg E4 group (vs. placebo, P , 0.01) to 83% in the 40-mg E4 group (vs. placebo, P , 0.0001) and 84% in the 60-mg E4 group (vs. placebo, P , 0.0001). Free T levels in the placebo group did not change. SHBG levels increased significantly with E4 intake compared with placebo. By day 28, the increase in the 20-mg E4 group was 56% (20 mg E4 vs placebo, P , 0.01); with the 40-mg and 60-mg E4 groups, the increases were 103% (40 mg E4 vs placebo, P , 0.0001) and 121% (60 mg E4 vs placebo, P , 0.0001), respectively. Mean angiotensinogen levels increased with E4 intake from 21% in the 20-mg E4 group to 75% in 40-mg E4 and 86% in the 60-mg E4 group. The angiotensinogen levels in the placebo group did not change. By day 56, mean total T, free T, and SHBG levels had returned to baseline levels in all dose groups.
Endocrine parameters
FSH and E2 levels decreased significantly with E4 compared with placebo (for E2, 20 mg E4 vs placebo, P , 0.01; all other comparisons, P , 0.0001). The strongest decreases in FSH and E2 levels were observed in the 60-mg E4 group (90% and 71%, respectively).
LH levels in the placebo group increased by 20%; the increases with in the 20-mg and 40-mg E4 groups were 4% and 17%, respectively. In the 60-mg E4 group, LH was 36% lower compared with baseline.
PK parameters
The PK parameters of E4 are shown in Table 4 . A total of 29 subjects receiving E4 treatment completed treatment and were included in the PK analysis. One subject in the 60-mg E4 group was not included in the PK analysis because this subject discontinued the study early. The E4 plasma concentration profiles (results not shown) showed that, after multiple-dose oral administration, E4 becomes quickly available, with peak concentrations reached within 30 to 45 minutes, and then declines gradually. Trough plasma concentrations indicate that P values were derived using an analysis of covariance model to test the difference between the mean concentrations of the placebo group with the treatment groups, the baseline measurement was included as a covariate. Values are mean 6 SD.
Abbreviations: APCr, activated protein C resistance; FE, fibrinogen equivalent unit; ND, not determined. a Statistically significantly different (P , 0.05) from placebo.
b Statistically significantly different (P , 0.001) from placebo.
c Statistically significantly different (P , 0.0001) from placebo.
steady state was reached after 7 days of dosing. PK evaluation showed that the mean 24-hour area under the curve of E4 increased proportionately to dose when the dose was increased from 20 to 40 mg, but the increase was less than dose-proportional when the dose was increased to 60 mg. Mean C max of E4 increased dose proportionally over the dose range of 20 to 60 mg. Median t max was similar among the three dosing groups. Median values for t 1/2 were similar for 20 mg and 40 mg E4 (;18 hours), whereas t 1/2 was slightly higher for 60 mg E4. High variation in t 1/2 was observed for 60 mg E4.
Discussion
This dose-escalation study with E4 in healthy older men (40 to 70 years) was performed to estimate whether this fetal estrogen might be suitable as ADT for the treatment of men with advanced PC, defined as metastatic and/or locally infiltrating PC. E4 treatment would combine T suppression to inhibit tumor growth and estrogen substitution to relieve the symptoms of estrogen deficiency, such as hot flushes and bone loss caused by the loss of the estrogen precursor T. More than 30 years ago, synthetic estrogens were abandoned for the treatment of PC because of the cardiovascular thromboembolic side effects (8) . Because E4 has been identified as a potentially safer estrogen for the cardiovascular system in women (13), the question has arisen whether this estrogen would also be safer for the male cardiovascular system and be efficacious as ADT. In women, E4 is in phase III development as an estrogenic component of a COC with an E4 dose of 15 mg/d. This is about 10 times higher compared with available COCs containing natural estrogens, such as E2 (1.5 mg) (26) or estradiol-valerate (2 mg) (27) . Based on this information from women, the doses of 20, 40, and 60 mg E4 used in this study are comparable to doses of 2, 4, and 6 mg E2. The first and most important question is the safety of E4 in men because this is why estrogens failed in the past. In this relatively short study of 4 weeks of treatment, two major subjective E4-related side effects occurred. First, nine men (30%) experienced loss of libido. This is an expected effect, confirming the suppression of T, which is the aim of ADT. Second, 12 men (40%) reported nipple tenderness. This is a known effect of estrogen treatment in men (28, 29) and could interfere with the acceptability of E4 treatment. The current study is too short to judge whether breast development (gynecomastia) (3, 12, 30, 31) will occur with long-term E4 treatment. However, it is known that nipple tenderness and gynecomastia can be prevented by a single dose of radiotherapy at the start of estrogen treatment (32) . Both side effects observed were not dose dependent and were reversible. Headache occurred equally in all groups, including the placebo group. The pharmacodynamic safety variables investigated in this study focused on cardiovascular risk factors. Most important are the hemostatic variables related to venous thromboembolism because the occurrence of venous thromboembolism was the major reason to replace estrogens for PC treatment by LHRH analogs (8) . With 5 mg DES, thromboembolic events occurred in 36% of the cases, and with 1 to 3 mg DES, this rate was still 10% to 17% (3). With E4, some hemostatic variables showed small procoagulant changes. The plasma levels of the anticoagulant proteins antithrombin, protein S, and free TFPI decreased; in the case of antithrombin, this decrease was dose dependent. The coagulation activation markers D-dimer and prothrombin F1+2 showed different effects. D-dimer levels increased dose-dependently after E4 intake, which may be related to the reduction in antithrombin. The prothrombin F1+2 levels showed a decrease in the 20-mg and 40-mg E4 groups, whereas in the 60-mg E4 group the levels increased. The limited effect of E4 on the plasma levels of F1+2 (20 mg and 40 mg E4 even decrease F1+2) suggests that E4 hardly, if at all, enhances the formation of thrombin (i.e., E4 has virtually no effect on the activity of the coagulation cascade). The absence of an association between the D-dimer and F1+2 changes can be explained by the observation that antithrombin levels are decreased during E4 treatment. This may result in increased thrombin activity (fibrin formation/lysis and D-dimer formation) in the absence of enhanced thrombin generation (F1+2 formation).
Final judgment of the effects of E4 on hemostasis requires an extensive dedicated study measuring all relevant parameters for periods of at least 3 months.
Lipid changes related to the risk of arterial cardiovascular events were small and not significant, but the direction of the changes with E4 was favorable. The most relevant variable LDL-C decreased by 18% in the 40-mg and 60-mg E4 groups, whereas there was an 8% decrease in the placebo group. HDL-C, TGs, and fasting glucose did not change.
The two most important variables for bone metabolism were measured to judge whether E4 would be suitable to prevent bone loss and negate the increased fracture risk during ADT treatment. The results showed a decrease of bone resorption (CTX-1) with 20 mg and 40 mg E4 and no change of bone formation (osteocalcin), suggesting preservation of bone mass. However, better judgment of the effect of E4 on bone in men requires 12-month bone mass measurements, and final proof requires fracture rate studies.
Overall, the changes observed of hemostatic variables, lipid levels, and bone turnover markers were small. Taking all pharmacodynamic safety and efficacy variables into consideration, the 40-mg E4 dose seems safe for PC treatment. Relevant covariates that may be potential confounding factors for hormonal endpoints, like age and obesity, have not been tested because the number of subjects in this phase I study was considered to be too small. These aspects will be investigated in the ongoing PC study with E4. Based on data in women, 40 mg E4 would be comparable to 4 mg E2; in women, 2 mg E2 is sufficient to treat hypoestrogenicity. A dose of 40 mg E4 is therefore expected to be sufficient for the prevention of hypoestrogenic signs and symptoms in men. The dosedependent increase of angiotensinogen confirms the estrogenicity of E4.
Would 40 mg E4 be sufficient as standalone estrogen ADT? Serum total T has always been the therapeutic target for ADT, and the main goal of ADT is to reduce total T levels to castration levels (,50 ng/dL). This target is not achieved with E4 in this study, although a dosedependent decrease was seen in total T levels. However, only ;1% to 2% of total T circulates as free T. Based on the free hormone hypothesis, free T is considered to be the biologically active form of T and is able to diffuse into cells and bind to the androgen receptor after conversion into dihydrotestosterone (2, 33) . Therefore, measurement of free T levels has recently drawn attention as a more relevant target for ADT treatment than total T (4, 34). Levell et al. (35) have shown that lower free T levels correlate with improved survival of patients with PC. Because ;50% to 60% of total T is bound to SHBG (34, (36) (37) (38) , a change in SHBG levels will directly affect the levels of free T. Estrogens are known to increase the levels of SHBG, and in this study a significant increase of SHBG was observed with all doses of E4. Altogether this leads to a strong suppression of free T with 40 mg E4, whereas 60 mg E4 does not further affect the SHBG and free T levels. However, because there is no generally accepted free T level as a target for ADT, the clinical effect of E4, based on free T suppression, remains to be established for standalone E4 ADT. Furthermore, because the free hormone hypothesis is currently under debate (39, 40) , more research is needed regarding the clinical relevance of the suppressive effect of free T levels in PC. The gonadotropin inhibitory effect of E4 was confirmed by the dose-dependent suppression of FSH. LH levels did not change with 20 mg and 40 mg E4 compared with the placebo group and decreased after 4 weeks treatment with 60 mg E4. To judge the effect on LH adequately, more frequent blood sampling during a 24-hour period is necessary because of the short half-life of LH (41) .
ADT of advanced PC starts with LHRH agonist therapy (42) . Inhibition or antagonism of LHRH decreases LH levels and thereby decreases T levels. However, LHRH analogs suppress not only T but also suppress estrogens, which affects quality of life and causes multiple side effects, including hot flushes and sweating, fatigue, bone loss, and fractures (43, 44) . Combining LHRH analogs with an estrogen such as E4 is expected to reduce these hypoestrogenic side effects and to have multiple additional treatment effects known to occur with estrogens, such as (1) further LH inhibition and thereby total T suppression, (2) additional free T inhibition through the increase of SHBG, (3) reduction of adrenal androgens, and (4) decreasing intratumoral androgen levels (3, 45, 46) . By immediate T suppression, E4 may also suppress the tumor marker prostate-specific antigen faster after the start of treatment.
Conclusion
The effect of E4 on testosterone levels is insufficient for standalone PC treatment. Taking all clinical and pharmacodynamic variables into consideration, a daily dose of 40 mg E4 seems safe for further evaluation of endocrine PC treatment in combination with LHRH analogs.
